Cancer cells react to CD95 activation with either apoptotic or tumorigenic responses.
lapse microscopy. The average intermolecular distance between ligands is defined as in the rest of the text. Control membranes without CD95L are defined as =∞.
Using a ligand density of 13200 ligands per µm 2 , corresponding to = 9 nm, we observed a rapid rise of the number of apoptotic cells, which reached 92% with a half time of 36 min (Fig. 1B) . In contrast, 7% of apoptotic cells were observed on membrane with no ligand, confirming that apoptosis results from specific CD95-CD95L interactions. Moreover, the same ligand used in solution at 1 µg/ml also lead to apoptosis reaching 70% but with slower kinetics and showing a lag time of 40 minutes before an abrupt rise of the number of apoptotic cells. The number of apoptotic cells over time followed a sigmoid curve, which was fitted with a Hillequation (solid lines) to characterize the dynamics of the cellular response:
(Eq. 1).
P min and P max are the minimum and maximum percentages of apoptotic cells, !!"# is the characteristic time for apoptosis induction after CD95L contact, and n is the Hill coefficient which indicates how efficiently cells become apoptotic, and by extension how the extracellular stimulus is recognized. The fit yielded a Hill coefficient of n > 3
for the soluble ligand compared to n ~ 1.5 for mCD95L. This indicates that the apoptotic cascade induced by sCD95L requires a long process of signal integration that is strongly reduced by the membrane form of the ligand.
This observation leads to the hypothesis that the topology and density of the membrane ligand can activate the receptor extremely efficiently and trigger rapid apoptosis. To further test this hypothesis, we measured the apoptotic response for different ligand densities, with an average ranging from 6 to 17 nm. All tested densities led to a rapid increase of the number of apoptotic cells over time (Fig. 1C) .
Strikingly, the number of dead cells and the apoptosis efficiency did not increase monotonically with the density of ligand but showed an optimum towards 9 nm ( Fig.   1C and Table S2 ).
This optimal ligand distance likely corresponds to the most favorable one for the ligand-receptor interaction, and we therefore further investigated this interaction.
First, by measuring the cellular surface on the membrane, we observed that the optimal ligand distance does not correlate with a maximal cell adhesion (Fig. 1D ). On the contrary, this adhesion increases monotonically with the ligand density. Second, we observed the organization of the receptor on the plasma membrane by expressing CD95-YFP in the PanD24 cells and imaging their fluorescence at the level of the CD95L-membrane (Fig. 1E ). While at early time points, the cell spreading is accompanied by a diffuse YFP signal (Fig. 1E , 10 min), bright clusters of receptor appeared and accumulated over time to areas exceeding 1 µm 2 (Movie S1). Strikingly, the number of clusters, measured 10 min before the cells died, was maximum for <d> = 9 to 11nm, correlating well with the optimal efficiency of apoptosis (Fig. 1F) . Thus, the optimal distance (defined as * ) of ligand likely leads to ligand-receptor interactions and cluster formation that induce particularly strong apoptotic signaling.
The * = 9 to 11 nm relates more to the scale of proteins than to a typical density of a given receptor on the plasma membrane. In PanD24, we estimated the density of CD95 receptors to 13.4 per µm 2 (Table S3) , 1000 times less than that of the ligand on the supported membrane. So, we hypothesized that the optimal ligand distance correlates with a critical size of the receptors and should therefore be universal and independent of the receptor density. To address this point, we examined primary cancer cells originating from different GBM tumors (20) . GBM60 and GBM50 cells were isolated from two different patients and both expressed 1.8 receptor per µm 2 , lower number than PanD24 (Table S3) . With a ligand intermolecular distance of 11 nm, both cell lines responded with a kinetic of apoptosis that was similar to the one of PanD24 upon CD95L exposure ( Fig. 2A) . However the final number of apoptotic cells was lower, with a plateau at around 35% for GBM60 and 21% for GBM50, while PanD24 reached 75%. We repeated the characterization of the death curves at different ligand densities for the two cell lines and we observed that, like for PanD24, the distance * = 9 to 11 nm lead to the maximum number of apoptotic cells, the fastest kinetics of apoptosis (Fig. 2B ) and the smallest Hill coefficient (Table S4) .
Taken together, these data suggest the existence of a universal optimal CD95L spacing at 9 to 11 nm to trigger apoptosis most efficiently.
Furthermore, to decipher whether the difference in signaling dynamics and efficiency stems from the mobility of CD95-CD95L pairs and their re-arrangement on the substrate, we prepared membranes facilitating or suppressing the lateral diffusion of ligands. While the experiments described so far were performed with DOPC based membranes, where CD95L-CD95 pairs can diffuse, we now used DPPC based membranes, where lateral lipid diffusion is significantly suppressed. This arises from the DPPC lipid chain melting transition temperature at 41 °C, which, at the experimental temperature of 37°C, corresponds to the lipid gel phase. In the latter, lateral diffusion coefficients are 2-3 orders of magnitude smaller than those measured in the liquid-crystalline phase (21) . On these DPPC membranes, GBM50 and GBM60 cells died much slower than on DOPC (Fig. 3B , F versus Fig. 3A , E). However, the maximum level of apoptotic cells after 6 h reached the same values in GBM cells exposed to DPPC membranes as compared to those obtained on DOPC membranes after 3 h. The distinct decrease in the fraction of apoptotic cells was further accompanied by a larger Hill coefficient on DPPC (n = 3 -6, Table S5 ) with respect to DOPC membranes (n = 1.7 -4, Table S4 ). Accordingly, a suppression of CD95-cluster formation (Fig. 3D, H and Fig. 3C , G) was observed, indicating that loss of lateral diffusivity suppressed the formation of death-inducing clusters. Notably, the most efficient apoptosis and lowest Hill coefficients were again recovered for the optimal spacing of 9 to 11 nm for both cell and membrane conditions.
So far, our data show that CD95L placed at an optimal intermolecular distance can successfully trigger CD95 mediated apoptosis in cancer cells in vitro. Thus, we hypothesized that this knowledge could be used to effectively kill tumor cells in vivo.
To this end, we assembled beads coated with supported membranes and decorated with CD95L at the optimal intermolecular distance of 9 nm, as well as without CD95L (Fig. 4A ). In addition, patient-derived GBM cells were FACS sorted according to their CD95 surface expression levels, as previously described (20) . CD95 high , CD95 low or unsorted tumor cells (bulk) were then subcutaneously (s.c.)
injected into the flanks of immunosuppressed SCID bg mice (Fig. 4A) . S.c. location was selected over the brain to avoid beads having to cross the blood brain barrier to reach the tumor. Three weeks after cell injection, beads were intravenously (i.v.)
injected and tumor growth was further monitored. First, the beads spread systemically, as they were found in several locations such as the tumor, lung and liver (Fig. S1) . Notably, there were no signs of apoptosis in lung and liver but rather induction of inflammatory infiltrates, as previously reports (22) . To our surprise, treatment with CD95L-beads exponentially increased growth of bulk-or CD95 hightumors but not of CD95 low -tumors or tumors treated with control-beads (Fig.4B) .
Additionally, the same CD95-dependent growth behavior was observed in xenograft tumors derived from another GBM patient (Fig. S2 ). This finding demonstrates that beads coated with CD95L at the optimal distance foster proliferation of tumor cells in vivo. 4D ). Importantly, the maximum sphere number (38 ± 3) was found at the optimal distance * (Fig. 4C ). This behavior was also observed in PanD24 tumorspheres ( To shed light on the cross talk between the signaling at cell-substrate and cell-cell contacts, we performed the experiments on supported membranes composed of DPPC. The apoptotic behavior of single vs. cells in contact was examined on DOPC or DPPC substrates (Fig. S5 ). GBM cells in contact reached similar maximal levels of apoptotic rate in DPPC and DOPC membranes though with a narrower range of optimal distance on DPPC substrates. These data demonstrate that the inhibition of apoptosis by cell-cell contacts is not influenced by the mobility of CD95L.
To gain further mechanistic insights into pro-tumorigenic signaling of CD95 in the natural environment of the brain with a fully competent immune system, we used a syngeneic orthotopic glioma model ( We have previously reported that CD95 activates these pathways through recruitment of SH2-adaptor proteins to a phosphorylated tyrosine residue within its DD (9) . Thus, signaling modules involved in death or proliferation compete at the level of the DD, as previously shown in pancreatic adenocarcinoma cells (23) . To test the importance of this tyrosine motif in CD95-mediated cellular responses, we generated GBM60 cells stably overexpressing either CD95-alanine mutant receptors (CD95-Ala) that substitute the Y291 residue of the human CD95 with alanine, or wildtype CD95
(CD95-wt). Upon exposure of these cells to CD95L-surrogate membranes, cells overexpressing the CD95-Ala showed a higher induction of apoptosis compared to the cells overexpressing CD95-wt (Fig. 6A) . Moreover, the induction of sphere formation upon CD95L membrane stimulation was blocked by CD95-Ala overexpression ( Fig.   6B ). This data highlights the critical regulation of apoptosis and survival at the DD of CD95 and the requirement of tyrosine kinase activity to bias CD95 cell responses toward cell proliferation. Hence, we hypothesized that cell-cell contact might modulate the levels of tyrosine-kinase activity. Indeed, the presence of cell-cell contact globally increased levels of tyrosine-kinase activity as compared to levels exhibited by single cells (Fig. 6C ).
Discussion
In this study, we have established membrane-based surrogate cell surfaces displaying CD95L to study CD95 activation in cancer cells. This system has unveiled an optimal CD95L intermolecular distance as efficient trigger of CD95 cluster formation with subsequent apoptosis in primary cancer cells. In particular, pre-confinement of CD95L on the membrane at an intermolecular distance * = 9 -11 nm was found to maximize the efficiency and kinetics of receptor activation. The evolution of CD95
clusters was found to scale with apoptosis induction in a similar manner. Recent PALM imaging confirmed the existence of CD95 clusters and showed their dependence on palmitoylation of CD95 for lipid-raft localization (24) . A rigid-body based computational model of membrane receptor-ligand interactions further illustrated that confining the structural flexibility of receptors via membrane topology has an influence on the binding to its ligand (25) . Modification of intramolecular flexibility could optimize the binding between ligand-receptors. Indeed, our model system not only demonstrates the relevance of the intermolecular spacing of ligands, but also shows that ligand orientation through membrane tethering has an essential influence on the cellular response in comparison to soluble ligands. Particularly surprising was our discovery that cell-cell contact can switch CD95 activation from apoptosis to tumorigenesis. Along this line, increased cell-cell contact via control of cell spreading using micropatterned substrates increased proliferation of muscle and endothelial cells (26) . More recently, in a cell intercalation study in the Drosophila pupa, the weakening/loosing of cell contacts was shown to result in reduction of PIP3 levels, which in turn stimulated the loser phenotype, and elimination of these cells by apoptosis (27) . Additionally, cell-cell contact might also have a direct influence on membrane receptors. Cell-cell contacts promoted vesicular recycling of EGFR and maintained ERK activity in cancer cells leading to switch from migration to proliferation (28) . On a molecular scale, cell-cell contact may energetically favor segregation of proteins or result in the formation of multiprotein complexes, thus resulting in different molecular stoichiometry, affinity of binding, and energetic losses from membrane bending (29) (30) (31) ). Accordingly, we tested how phosphatase/kinase activity is modulated in our experiment. We showed that cell-cell contact increases tyrosine-kinase activity. The basis of the global tyrosine-kinase activity could be the transactivation of CD95 which was reported for Integrins (32) and RTKs like EGFR (33) .
Altogether, this study indicates that the switch from apoptosis to survival is not determined by the CD95-CD95L interaction, but rather by the cell context. Blocking non-apoptotic functions of CD95 would be a promising therapy option for cancer.
Accordingly, a Phase II clinical trial of a fusion CD95-FC protein was shown to neutralize CD95 activity in glioblastoma patients, which increased the overall survival of patients with unmethylated-CD95L promoter (34 
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We thank the Nikon Imaging Center at the University of Heidelberg for providing assistance in their imaging facility. We thank Katrin Volk for technical support. Subsequently, the supported membranes were incubated with 1 µg/ml neutravidin solution for 30 min and were thoroughly washed with de-ionized water. Next, the membranes were incubated with aqueous CD95L-T4-btn (2µg/ml) solution for 1h at room temperature. Finally, the samples were carefully washed with pre-warmed cell culture medium and kept at 37 °C prior to cell experiments.
CD95L containing supported membrane on silica beads SUVs prepared as described above were used to form supported membrane on porous silica microspheres (NUCLEOSIL® standard C18 phases, nonpolar from MachereyNagel, Düren, Germany). Lipid vesicles were incubated with silica beads at 60°C for 2h under rotation. The lipid-coated beads were collected by centrifugation and washed with PBS. CD95L functionalization of the supported membrane on the beads was performed as described above. Here, the beads were kept on a shaker during each incubation step.
Cell imaging
Cell death was measured by microscopy using transmission imaging and visual cell morphology identification. Images were taken on a Leica SP5 confocal microscope (Leica Microsystems, Mannheim, Germany) or on an OlympusCKX41 wide-field microscope equipped with an Olympus PEN Lite CCD camera (Olympus Europa, Hamburg, Germany).
Cell death kinetics were quantified from images taken every 10 minutes and by manually marking the first rounding and shrinkage event due to cell death. Marks were then automatically segmented and counted in ImageJ.
To obtain statistically reliable data, we collected results from 3 independent measurements for each experimental condition. For each experiment, cells in a concentration of 10 6 /ml cells were injected into each channel of the 6 channel chambers. The total number of cells was counted from 5 -8 phase contrast images.
Time-lapse images were recorded on a fully automated Leica SP5 confocal microscope (Leica Microsystems, Mannheim, Germany) equipped with an Apo 63x NA 1.4oil
immersion objective using a proprietary macro for auto-focusing and multi-position imaging.
The microscope stage was maintained at 37 °C and CO2 at 5%. 
Perfusion
Mice were anesthetized by intraperitoneal injection of 800 µl perfusion solution. After the thoracic cavity was opened, the heart was exposed and transcardial perfusion was performed with 10 ml HBSS. For immunohistochemistry, the mice were additionally perfused with 10 ml of 4% PFA.
Immunohistochemistry of the brain
For immunohistochemistry of the tumor bearing brains, mice were sacrificed as described above and brains were extracted and fixed in 4% PFA overnight. 100 µm coronal sections were prepared using a vibratome (Leica, Germany). Sections were stored in PBS with 0.05% sodium azide until staining. For the staining, sections were incubated in PBS with 0.3% Triton X-100 and 5% horse serum for one hour to block After mounting with Fluoromount-G, the sections were allowed to dry at room temperature for overnight and were stored in the dark at 4°C until imaging. Movie S1. CD95 cluster formation over time on CD95L supported membranes (PanD24 cells expressing CD95-YFP).
Movie S2. GBM cells showed apoptosis as single whereas they survived as clusters upon CD95L supported membrane activation. 
